The EXFOR database contains the largest collection of experimental nuclear reaction data available as well as the data's bibliographic information and experimental details. We created an undirected graph from the EXFOR datasets with graph nodes representing single observables and graph links representing the various types of connections between these observables. This graph is an abstract representation of the connections in EXFOR, similar to graphs of social networks, authorship networks, etc. By analyzing this abstract graph, we are able to address very specific questions such as 1) what observables are being used as reference measurements by the experimental nuclear science community? 2) are these observables given the attention needed by various nuclear data evaluation projects? 3) are there classes of observables that are not connected to these reference measurements? In addressing these questions, we propose several (mostly cross section) observables that should be evaluated and made into reaction reference standards.
INTRODUCTION
In the early 1950's, Brookhaven National Laboratory began compiling and archiving nuclear reaction experimental data in the SCISRS database [1] . Over the years, this project have grown and evolved into the EXFOR project [2] . EXFOR is an international experimental nuclear data collection and dissemination project now led by the IAEA nuclear data section, coordinating the experimental nuclear data compilation and archival work of several nations.
The EXFOR nuclear experimental database provides the data which underpins nearly all evaluated neutron and charged particle evaluations in ENDF-formatted nuclear data libraries (e.g. ENDF/B, JEFF, JENDL, ...). Therefore, EXFOR is in many ways the "mother library" which leads to the nuclear data used in all applications in nuclear power, security, nuclear medicine, etc. The EXFOR database includes a complete compilation of experimental neutron-induced, a selected compilation of charged-particle-induced, a selected compilation of photon-induced, and assorted high-energy and heavy-ion reaction data. The EXFOR library is the most comprehensive collection of experimental nuclear data available. Therefore, it is the best place to look for an overview of what the applied and basic experimental nuclear science communities feel are valuable experimental reactions and quantities. [1, 2] The basic unit of EXFOR is an ENTRY. An ENTRY corresponds to one experiment and contains the numerical data, the related bibliographic information and a brief description of the experimental method. What an EX-FOR ENTRY really represents is the results of work that was performed at a given laboratory at a given time. An ENTRY does not necessarily correspond to one particular publication, but very often corresponds to several publications. The EXFOR compiler takes the essential information from all available sources, and if needed, contacts the author for more information.
An entry is typically divided in several SUBENTs containing the data tables resulting from the experiment. Each SUBENT contains a REACTION field which encodes what reaction was studied (e.g.
1 H(n,el)) and what quantity was measured (e.g. cross-section or angular distribution). A SUBENT may also contain a MONITOR field which encodes one or more well characterized reactions and quantities used to reduce or eliminate systematic experimental errors. Thus, reaction monitors are an important part of experimental data reduction. Often the measured data encoded in the REACTION field is measured relative to the reaction/quantity encoded in the MONITOR field. There is usually a straightforward mapping between the reactions/quantities measured in EXFOR and the evaluated reactions/quantities stored in the ENDF libraries.
Several specific reaction/quantities are important enough, usually because of one or more specific applications, that the nuclear data community has elevated them to the level of an international reference standard. Many experimenters use these reaction/quantities as monitors in their experiments. References [3] [4] [5] [6] provide details of well known neutron-induced, charged-particle and photonuclear standard reaction/quantities. We divided these references into two different classes. We define Tier 1 observables as the product of sustained evaluation efforts, with periodic refinement. Our Tier 1 standards include the evaluations from the ENDF/B Neutron Standards [3] project and the Atlas of Neutron Resonances [4] . Our second tier encompasses standards that are of very high quality but are not performed as part of a sustained project. There may be follow ups or limited refinements. This second tier includes medical and dosimitry evaluations in Ref. [5] and the results of the IRDFF project [6] . There is also a new Tier 1 standards-level effort just beginning known as CIELO pilot project [7] . CIELO promises to generate entire standards-level evaluations including all reactions/quantities needed for the ENDFformatted libraries for neutron-induced reactions on 1 H, 16 O, 56 Fe, 235 U, 238 U and 239 Pu. When undertaking this project we specifically set out with the goal of answering some important questions.
• What are the most connected targets? What are the most connected reactions/quantities?
• Are there reactions/quantities that are so connected that they should be a standard?
• What is the connection number distribution for targets and reactions? What is the link number distribution between any two targets?
• Can we use this information to inform new measurements that decrease the distance between important targets and standards?
• Are there "bottlenecks" along the pathways from a given reaction to reaction standards that are not well measured?
• What elements and isotopes of reactions are not linked? Are any of them important for specific applications?
In order to attempt to resolve these questions we utilized graph theory as a tool to examine the connections between measurements in EXFOR.
In this work, we take an abstract view of the EXFOR database and generate an undirected graph describing all the connections between reactions/quantities in the EXFOR database. From just these connections, we can infer what reactions/quantities the nuclear science community collectively (and somewhat unconsciously) views as important. This set of reactions/quantities does not exactly match our previous expectations. We will provide a series of recommendations for reactions/quantities that should be considered for elevation to the level of the standards in references [3] [4] [5] [6] or possibly included in a follow-on CIELO project. We also find that our graph is disconnected, implying there are large numbers of reactions/quantities that are not pinned to any monitor. In many cases, this is due to poor coding of the EXFOR ENTRYs. Although this is a serious problem in our study, there is no easy fix. Even if additional information is given, it is often given in one of the free text fields in EXFOR which are difficult, if not impossible, to parse.
CONSTRUCTING THE GRAPH
We used the x4i code [8] to read the EXFOR database and parse the REACTION and MONITOR strings. We then built up the undirected graph within x4i and stored the resulting graph in a GraphML formatted file. In this section we detail how we construct the graph. Atlas of Neutron Resonances standard [4] IAEA Medical/Dosimiter [5] IRDFF [6] CIELO target [7] Proposed standard (ours or from Ref. [9] ) TABLE I. Types of nodes in our graph.
Types of nodes/vertices
Each EXFOR SUBENT corresponds to one or more measured datasets and each dataset in the SUBENT is associated with exactly one reaction/quantity in the REACTION field. Multiple reaction/quantities and datasets are denoted with EXFOR pointers. Each SUBENT may also contain a MONITOR field which we also note. Both REACTION and MONITOR fields have essentially the same format and contain much the same information [10] . The MONITOR field may also contain other free-text information detailing how the monitor was used and we ignore this information. An example of a simple measurement is This REACTION field tells us that the 1 H(n,tot) Maxwellian (MXW) averaged cross-section (SIG) was measured in the associated SUBENT. In our graph, we assign each of these elementary reaction/quantities in REACTION or MONITOR fields to a node.
While building our graph, we associate the number of occurrences of each elementary reaction/quantity with the corresponding node. In our graph we did not make any distinction between variations in observerables. For example, "PAR,SIG" coding for partial cross sections, "SIG" for integrated cross sections and "CN,SIG" for compound nuclear cross sections are all treated as "SIG".
We make two notes on double counting of nodes. First, when the EXFOR compiler flags a reaction/quantity in the MONITOR field and also compiles the reaction/quantity as a ratio we count both the occurrences of the monitor reaction/quantity separately. This is straightforward to fix and will be done in future incarnations of this project. Second, it often happens that an experimenter who makes a ratio measurement will publish both the ratio values and the unfolded absolute value of a measured reaction/quantity. An EXFOR compiler will then compile both values as if they are independent datasets and provide an explanation of the sets in one of the EXFOR free text fields. As one must parse the free text descriptions of the experiment in order to discern this, we have no simple workaround. Table I lists all of the types of nodes. In this table, the nodes are colorized by whether they correspond to one of the standards in the various standards efforts [3] [4] [5] [6] . The specific reactions/quantities included from these various standards projects are given in Tables II-III. Tier 1 projects are detailed here and summarized in Table II Table  II ). Over the years, other reaction/quantities have been proposed for addition to the Neutron Standards Project. One set seems poised to become port of the international standards (see Table III) as was discussed at the July 2013 IAEA Technical Meeting [9] .
• The Atlas of Neutron Resonances [4] is an encyclopedic compilation of nuclear cross section resonance parameters from S. Mughabghab. This book has been continuously updated since 1952 and is now in its 5 th edition. Page 8 of the latest edition includes a table of standards, summarized in Table II . These standards are values for resonance integrals and thermal cross sections.
Tier 2 projects are
• In 2003 an IAEA CRP titled "Charged-particle cross section database for medical radioisotope production; Diagnostic radioisotopes and monitor reactions" [5] concluded. The aim of the project was to compile evaluated data for both radioisotope production and for use as reaction monitors. The list of reactions/quantities covered is given in Table IV . The project began in 1995 and covered three major areas:
-Monitors for light ion charged particle beams -Cross section data on the most commonly used radioisotopes in medicine -Uncertainty on the tabulated data A large amount of the data added to the CRP is in the 30 MeV range or higher.
• The International Reactor Dosimetry and Fusion File (IRDFF) [6] is a standards level set of evaluated cross sections and fission product yields (FPY) for use as neutron dosimetry reactions. All 66 cross section and FPY sets in IRDFF contain covariance data. The 2012 version of IRDFF is the second release of the IRDFF. The data in IRDFF is summarized in Table V .
It should be noted that the Ion Beam Analysis Nuclear Data Library (IBANDL) [12] is a library of nuclear cross section data relevant to ion beam analysis. IBANDL is not included as a standard here since it contains only experimental data and is already included in EXFOR.
In addition to these Tier 1 and 2 standards, there is a new project, the Collaborative International Evaluated Library Organization (CIELO) project with the goal of producing entire standards level evaluations for 1 H, 16 O, 56 Fe, 235,238 U and 239 Pu [7] . An entire evaluation is one in which all cross sections and all outgoing particle distributions on all open channels with threshold between 10 −5 eV and 20 MeV are given. The CIELO project is just beginning but should yield first results by 2016. 
Reaction
Observable Reference Table of all Tier 1 standards. References marked with a "*" indicate that the reaction/quantity are a by-product of the evaluation process. IRDFF [6] 232 Th(n, γ) σ
Types of connections/edges
The nodes in our graph are connected by edges. The types of edges we consider are listed in Table VI . By far the most common type of edge in our graph is the MONITOR-REACTION connection. However, the EXFOR format provides several other connections between elementary nodes. REACTION and MONITOR fields may also contain mathematical relations, e.g.
In this example, the measurement was the ratio of Maxwellian averaged ν p 's from 239 Pu(n,f) and 235 U(n,f). Any relation using +,-,*,/, //, and = are allowed in the REACTION and MONITOR fields (here // means double ratio). EXFOR also allows what we call "isomer math": Here, what was measured was the ratio of 177 Hf(n, γ)
178m Hf cross section to the total of 177 Hf(n, γ)
178m Hf and 177 Hf(n, γ) 178g Hf cross sections. We link all of the Neutron Standards [3] reactions/quantities together because they are evaluated simultaneously. We also consider all reactions/quantities covered by one isotope in the CIELO pilot project [7] to be linked together since they to are evaluated together.
Other connections and graph motifs
Many graphs have motifs or common or repeated patterns. Our network also has motifs: we impose several on the graph as a result of our coding for some of the more obscure EXFOR reaction/quantities. Table VII shows the clusters of links for EXFOR quantities ALF, ETA and RI and EXFOR reactions NON, INEL and SCT. Finally, as an element is an abundance weighted sum of the isotopes that make up the element, we link any reaction/quantity on an elemental target to the corresponding isotopic reaction/quantities. The motifs are described and depicted in Table VII .
GROSS FEATURES OF OUR GRAPH
We generated our graph using x4i [8] and saved the results as a GraphML [13] file. A preliminary versions of this graph were presented in Ref. [14] . The full graph has 87,925 nodes and 276,852 edges. We then studied this graph with the networkx [15] and graph-tool [16] Python packages. With graph-tool, we were able to visualize portions of the graph. Examples are shown in Figures 1-3 . The final graph is too large and fully connected to visualize with the tools we currently have available. Unfortunately, we were not able to visualize the portion of the graph that contains the majority of the Tier 1 and 2 standards and CIELO nodes.
In the subgraphs in Figures 2 and 3 , one can clearly see the effect of the elemental data: each measurement on a natural target spawns a rosette of isotopic nodes around it. Adding in the other motifs only increases the local connectedness of the graph.
In our graph, we rendered the size of a node proportional to the number of occurrences of each reaction/quantity in EXFOR. Although we understand there are double counting problems in this measure, it is illustrative of the importance of various nodes. In Figure 4 we present the histogram distribution of the number of occurrences of each reaction/quantity in EXFOR. There are very few nodes with large weight in this figure and we discuss these in Subsection . However, there are many nodes with only one measurement. These are also isolated nodes in that they are not connected to any other node.
We summarize the graph's properties here and discuss them further below:
• Number of nodes: 87,925
• Number of edges: 276,852
• Number of isolates: 23,196
• Number of clusters with 40 or more nodes: 7
• Average degree k : 6.2975 • Degree variance k 2 : 39.6584
• Probability two nodes are connected p: 7.162e-5
• Average cluster coefficient C : 0.5958
Cluster decomposition and the cluster size distribution
When constructed our graph of the EXFOR database, we were surprised to discover that the graph is not fully connected. Realizing this, we decomposed our graph into disconnected clusters and in Figure 5 we show the size distribution of the disconnected clusters. There is one main large cluster containing 35,415 nodes and has less than half the nodes in the graph. There are thousands of clusters of smaller size and there are 23,196 isolated nodes. The isolated nodes correspond to experiments that purport to be absolute measurements. The probability that any two nodes are connected is 7.162e-05. photonuclear data. Table VIII summarizes the content of the largest clusters, containing 40 or more nodes. In this table, we also list the expected values for the clustering coefficient and average path length for a random graph with the same size as the listed subgraph.
We wonder if all of the disconnected nodes and clusters are as disconnected as our simple analysis implies. We are limited by the quality of the coding in the EXFOR ENTRYs and our ability to parse the EXFOR free text fields. Also, if the clusters are as disconnected as they appear, is this a good thing? Quality measurements are often tied to international standards of one form or another. Nevertheless, the shear number of isolated nodes and small clusters make the prospect of compiling a list of proposed experiments that could someday connect the clusters a daunting task.
Even though our full graph is disconnected, the individual clusters are connected graphs. Because each of these clusters is connected, the distance between any two nodes in the cluster is finite. The distance between any two nodes is defined as the length of the shortest path connecting the two nodes. If two nodes are not connected, the distance between them is defined as ∞. The average path length of the nodes in a cluster is denoted as . We define the eccentricity of a node as the maximum distance between the node in question and all the other nodes in the graph. We can compute the diameter of a cluster d as the maximum eccentricity of the nodes in the graph and the radius of a cluster r defined as the minimum eccentricity of the nodes in the graph. Table VIII shows the diameter, radius and path length for the largest clusters. We note that as the cluster size decreases, the diameter and radius do as well while the clustering coefficient and probability of connection rises.
It is common in network theory to describe a graph as a "small world" graph if it meets the following two criteria [17] :
• The average distance is small and typical for a random graph, ∝ ln(N nodes ). • The average clustering coefficient much higher what one expects from a random graph C rand which is just the mean probability of connection p. Here a random graph is one in which one randomly connects nodes with a probability p. By definition, the distance between two disconnected nodes is infinite, there- fore our graph as a whole cannot be considered a "small world" graph. However, each of our clusters are "small world" graphs in their own right as we see in Table VIII . We exploit this feature later when we provide recommendations for future standards in Section .
Degree distribution
The degree k is simply the number of nodes connecting to a particular node. It is interesting from a graph theory standpoint to investigate the degree distribution P (k) in that it can help us identify the type of network we have created. If the degree distribution has a Poisson shape, than it is a random graph. If on the other hand, it has a power-law fall off, it is likely a scale-free network. In Figure 6 we present the degree distribution for our graph. Our graph clearly is not Poissonian and therefore this strongly suggests that our graph is not a random graph. While our graph has a plateau from degree 1-8, it seems to exhibit a power-law fall off from roughly degree 10 to degree 80. The plateau with degree < 8 is a typical behavior for many real-world graphs [17] . A power-law (P (k) ∼ k −γ ) fit to the degree distribution for k > 5 yields an exponent of γ = 2.5977, also typical of many real-world networks [17] .
In Figure 6 , we note spikes at degrees of 342, 192, 189, 124, 113, 32 and 31. The spike at a degree of 342 is a cluster of 235 U fission yields. Similarly, the spikes at 192 and 189 are fission yields for 238 U and 239 Pu respectively. The spike at 124 is a cluster of n+ 56 Fe data and the spike at 113 is a cluster of n+ 16 O data. The spike at 32 seems to be a binning artifact as it it is composed of multiple unrelated nodes with a common degree of 32. Finally, the peak at 31 is comprised of 1 H reactions. We note that data for neutron incident reactions on 1 H, 16 O, 56 Fe, 235 U, 238 U and 239 Pu are all targets of the CIELO evaluation effort [7] .
FIG. 7. Cluster coefficient distribution.

Cluster coefficient distribution
The clustering coefficient C i gives the embeddedness of the i th node in the graph in that it tells us how well connected this node is to other nodes in the graph. The C i is defined as
where k i is the degree of node i and e i is the number of edges between the nodes that are directly connected to node i. The maximum value of e i is k i (k i − 1)/2 so a clustering coefficient of 1 represents a node that is connected to N other nodes, and those N other nodes are all completely interconnected. A clustering coefficient of 0 represents an isolated node. Figure 7 shows the distribution of clustering coefficients. The nodes with the highest clustering coefficient correspond to fission product yields on the major actinides and other related fission data. These are discussed in Subsection . The spikes in the clustering coefficient plot each correspond to elemental clusters and are an artifact of the way in which we added elemental clusters to our graph.
Eigenvalue spectrum of the adjacency matrix
A commonly used metric used to characterized graphs is the eigenvalue spectrum of the graph's adjacency matrix. The adjacency matrix is a N nodes × N nodes matrix where N nodes is the number of nodes, in which matrix element a ij is either a one or a zero. One represents that node i is connected to node j, and a zero represents that node i is not connected to node j. For our graph, the adjacency matrix is a 87925 × 87925 sparse matrix and is a challenge for most off-the-shelf linear algebra packages. Were we able to compute the eigenvalue spectrum of our adjacency matrix, we could conclusively state that our graph is not a random graph. A random graph has a random adjacency matrix. The hallmark of a random graph is a semicircular eigenvalue spectrum, a.k.a. Wigner's law [17] .
DISCERNING IMPORTANT NODES IN THE GRAPH
Our EXFOR network contains nodes ranging from very connected to having no connections at all. Trying to discern what makes a node/edge important is a matter of opinion and largely depends on the intended use of a reaction/quantity. In this section we appeal to a variety of graph theory metrics in order to arrive at a list of important nodes. In the next section, we identify some clearly important nodes and discuss how they can improve the connectivity of our graph.
Ranking by number of occurrences
There are several ways we could rank the elementary reaction/quantities by importance and the most obvious is just counting the number of occurrences of each reaction/quantity in EXFOR. One imagines that a node with a large number of occurrences in EXFOR represents large interest from the experimental nuclear science community. Table IX lists the most important nodes by this weight.
We note that while the Tier 1 standards are well represented in this table, they are not uniformly the most highly ranked by this measure. The Tier 2 standards are also represented well, but there are several nodes that are not viewed as important by any standards project. Various reactions on aluminum are clearly important and this is no surprise as aluminum is readily available, durable and mono-isotopic making it an ideal target material. We see also reactions on molybdenum are important, most likely for medical isotope production. Finally, some fission product yield (FPY) data has a relatively high ranking.
Ranking by degree
We could also rank the reaction/quantities by number of connections to other reactions/quantities. Nodes with a large degree may be commonly used as reaction monitors. In Table X , we list the most important nodes rank ordered by degree. Interestingly, the top four nodes by degree or number of occurrences are the same, although the rank order is different. Also interesting is the fact that five of the top twenty reactions/quantities are not addressed by any standards effort As one can see from Table X , quite a few nodes that have a high degree and are not considered either Tier 1 or 2 standards. As in the previous case, reactions on aluminum and molybdenum rank highly. Towards the bottom of this table, we begin to see fission product yields.
Ranking by cluster coefficient
In Table XI , we list the top nodes ranked by largest cluster coefficient. These are the nodes that are in the most highly interconnected regions of the main cluster. The list is entirely comprised of data on the three major actinides ( 235 U, 238 U, and 239 Pu) . Most of the entries on this list are cross section and related data covered by the CIELO pilot project [7] . The rest are various fission product yield data. Generally when one measures fission product yields, one does it for many reaction products at once, introducing a large number of connections in our graph. This also accounts for the fact several nodes have identical clustering coefficients, implying that they are all part of the same grouping of nodes.
Centrality/importance measures that depend on the adjacency matrix
We attempted to use several other measures of node importance including node centrality, betweenness and eigenvalue centrality [15, 16] . All of these measures fail for our graph because the graph is too large and these measures rely on performing complex linear algebra on the adjacency matrix of the graph.
Ranking by PageRank
There is one widely used measure which does not rely on the adjacency matrix: Google's PageRank [18] . PageRank is an iterative process to determine what the probability is that a given node is connected. The exact algorithm is given in many places and is implemented in the codes we used for our analysis (see reference [18] ). This algorithm is robust and simple and can work on graphs as large as the entire Internet in a reasonable amount of time. Table XII lists the top nodes ranked by PageRank. Using PageRank, we again find reactions on aluminum and molybdenum rank highly.
CHARACTERIZING THE CONNECTIVITY TO STANDARDS
It is clear from the analysis above that the following reaction/quantities have out-sized importance as measured by several different metrics:
• Aluminum reaction/quantities: -n+ 27 Al: the (n, p+ 27 Mg) cross section -p+ 27 Al: the (p, n + 3p) cross section and the 22 Na and 24 Na production cross sections -12 C+ 27 Al: the 24 Na production cross section
• Molybdinum is also a very important structural material:
-p+ nat Mo: the 96 Tc production cross section -α + nat Mo: the 97 Ru production cross section
All of these nodes reside in the main cluster of our graph so we ask
• How are nodes in the main cluster connected to the Tier 1 and 2 standards?
• Can we improve this connectivity with the nodes we have identified as important?
The simplest measure of graph connectivity is the mean distance between nodes. The distance between any two connected nodes is the minimum number of edges separating the nodes including all possible paths between the nodes. Here we are not interested in the distance between arbitrary nodes but are interested in the distance between any node and a Tier 1 or 2 standard node. In Figure 8 we show several histograms of distance from nodes to the nearest standards node for several cases.
In this plot, nodes with distance zero are the standards themselves. Considering just the Tier 1 standards, the distribution is rather broad and peaks at a distance of 5 nodes and extends to 10 nodes. We note that this peak is near = 5.508, the average path length in the main cluster. The main cluster is a "small world" graph, so it has tight clusters within that can be used to increase connectivity, like the hubs of an airline network. Adding in the large number of Tier 2 standards dramatically tightens up the distribution with the peak now at 2 the distribution now extends to 8 nodes. As we saw earlier, many of these Tier 2 standards have high degree and can function as hubs. Adding the nodes corresponding to our proposed list of nodes tightens the distribution up further, enhancing the connectivity to standards level nodes. We comment that there is a noticeable improvement from adding our seven proposed nodes, a surprisingly large improvement given the small number of added nodes.
CONCLUSION
In this project, we created an undirected graph from the REACTION and MONITOR strings from datasets in the EXFOR database. This graph is a large, nearly scale- free   FIG. 8 . Plot of the minimum distance to a standard. We show a line at the average path length for the main cluster = 5.508. This is the cluster where all of the standards nodes reside. We recommend that at the very least that 27 Al and all of the Mo isotopes be considered as a target material in either a follow-on CIELO or IRDFF project. In addition, a standards level study of fission product yields of the major actinides as suggested in the discussions at the recent Working Party on Evaluation Cooperation Subgroup 37 meeting [19] would improve the connectivity of all fission product yield data. Mathematical relations These types of connections can be a simple ratio or a more complex mathematical relations between two or more other nodes. These include "isomer math" and the special quantities and sum rules in Table VII. Monitor Typically a second, well characterized target used to reduce or eliminate systematic experimental problems during data analysis.
Number of Nodes
Elemental
Data from a natural element is connected to every stable isotope of the element for the same measurement.
Neutron Standards/CIELO All reactions/quantities are evaluated simultaneously and therefore are linked.
TABLE VII. Motifs in the graph, these also happen to be connections we wanted to capture in the graph. 
EXFOR Quantity Definition Example
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